Aims. Recent studies reported slowed conduction velocity (CV) in murine hearts homozygous for the gain-of-function RyR2-P2328S mutation (RyR2 S/S ) and associated this with an increased incidence of atrial and ventricular arrhythmias. The present experiments determined mechanisms contributing to the reduced atrial CV. homeostasis, CV, and the maintenance of common arrhythmias such as atrial fibrillation.
Introduction
Catecholaminergic polymorphic ventricular tachycardia (CPVT) has been associated with mutations in the gene encoding the cardiac ryanodine receptor channel (RyR2), resulting in increased diastolic cytosolic Ca 2+ concentrations ([Ca 2+ ] i ). 1 It typically presents as a bi-directional or polymorphic ventricular arrhythmia initiated by ectopic activity due to abnormal Ca 2+ homeostasis, following increased sympathetic tone. Recent studies have additionally associated RyR2 mutations in CPVT patients with atrial fibrillation (AF). 2, 3 AF is thought to be similarly initiated by ectopic (triggered) activity and maintained by activation of re-entrant circuits of excitation resulting from impaired action potential (AP) conduction. [4] [5] [6] Several genetic, murine models containing the gain of function RyR2-P2328S, RyR2-R176Q, RyR2-R2474S, RyR2-N2386I and RyR2-L433P mutations [7] [8] [9] similarly show atrial arrhythmias, providing useful systems for studying the pathophysiology of AF. Thus they have provided substantial evidence that ectopic, delayed afterdepolarization (DAD) phenomena, reflecting abnormal sarcoplasmic reticulum (SR) Ca 2+ release are important causative factors in the development of atrial arrhythmia. 8, 10 Recent studies have also demonstrated that hearts containing the homozygous RyR2-P2328S (RyR2 S/S ) mutation show reductions in conduction velocity (CV) comparable in extent to those shown by Na v 1.5-haploinsufficient Scn5a +/-hearts, and which could be reproduced in wildtype (WT) hearts by producing an acute elevation of [Ca 2+ ] i with caffeine. [10] [11] [12] Such conduction abnormalities correlated strongly with their susceptibility to triggered arrhythmias. These findings implicate a re-entrant mechanism that could sustain such arrhythmias, as well as a relationship between CV and [Ca 2+ ] i .
Atrial AP generation requires the orderly depolarisation and recovery of successive cardiac myocytes. The speed at which these changes are propagated could potentially be influenced by changes in two of the key determinants of CV. First, the maximum rate of AP depolarisation by guest on Downloaded from
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((dV/dt) max ), resulting from the early inward Na + current (I Na ). Second, the axial resistance, arising from cytosolic and intercellular gap junction properties, as well as the geometrical relationships between myocytes and their possible disruption by fibrotic change.
Abnormalities that may influence both these determinants have been demonstrated in Scn5a
hearts, known to show re-entrant excitation. [13] [14] [15] [16] 
Microelectrode intracellular recordings
Isolated whole hearts were mounted and perfused with bicarbonate-buffered Krebs-Henseleit (KH) solution in a modified Langendorff system previously described ( Supplementary Fig. 2a(i) ). The hearts were stimulated from the right atrium at 8Hz and measurements of intracellular voltage were made relative to that of the Ag/AgCl reference electrode placed on the left atrium (LA).
10,11
Loose-patch clamp recording
The LA was isolated from the whole heart and mounted upon a Sylgard (Dow Chemical Co., Chicago, USA) gel platform in an actively grounded bath filled and superfused with KH at room temperature (Supplementary Fig. 2a (ii)-(iii)). For loose-patch clamp recordings voltage steps of +80 mV were first applied to assess for the presence of time-dependent ionic currents. Activation properties were then explored by test voltage steps each of duration 50 ms, and amplitudes between +20 and +120 mV, successively incremented by 20 mV. Inactivation properties were investigated using imposed conditioning steps of duration 5 ms and amplitudes 0-80 mV in 20 mV increments prior to the test steps of amplitude +100 mV for 50 ms. Both protocols averaged ten recording sweeps at each test voltage. The recordings were analysed using QTI Plot (Ver. 0.9.7.8).
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Statistical analysis
Data are expressed as means +/-standard error of the mean (SEM). The number of samples is denoted by n and the number of whole hearts by m. Different experimental genotype groups were compared using one-way ANOVA for correlated samples analysis of variance. Where the analysis of variance yielded a significant F-ratio it was followed by Tukey HSD. Dependent variables were compared using paired t-tests, with P < 0.05 considered statistically significant (SPSS UK, Woking, UK).
Results
The present study was prompted by reports correlating increased atrial arrhythmogenicity in RyR2 S/S hearts with slowed AP conduction, in common with findings in Scn5a +/-atria. 10, 16 The experiments accordingly assessed fibrotic change, connexin and Na v 1.5 expression, and Na + channel function, in WT, RyR2 S/S and Scn5a +/-hearts. similar connexin expression in all three cases (Fig. 2c) . Such findings were confirmed by immunoblot assessments of Cx43 and Cx40 expression relative to beta tubulin in atrial tissue homogenates (Fig.   2d ). This demonstrated similar levels of Cx43, Cx40 and total Cx expression in all three groups. Fig. 3 illustrates results from similar procedures applied to the corresponding ventricular sections used as negative controls. Both the fluorescent confocal images (Fig. 3a) and their digital quantification ( Fig. 3b) confirmed previous reports that murine ventricles express Cx43 but not Cx40. 29 In the atria Cx43 and Cx40 antibody fluorescence was equally distributed along the longitudinal and transverse cellular membrane whilst in the ventricle Cx43 fluorescence was only found on the transverse cellular membrane ( Supplementary Fig. 1 ). Patterns of expression appeared similar in each genotype. Confocal images from RyR2 S/S showed similar, whilst the Scn5a +/-showed greater Cx43 expression than WT (Fig. 3c) . Nevertheless their Cx43 expression levels were statistically indistinguishable in immunoblots from ventricular tissue homogenates (Fig. 3d) .
Finally, atrial tissue sections were tested for Na v 1.5, Na v 1.6 and Na v 1.1 expression. Both Na v 1.5 and Na v 1.6 have been reported in cardiac tissue whereas Na v 1.1 is expressed in murine SAN but not atrial or ventricular tissue, 29, 30 accordingly providing a negative control. As depicted in Figure 4a , fluorescence from secondary antibody to anti-Na v 1.5 appeared was consistently clearer in WT than in both Scn5a +/-and RyR2 S/S . Fluorescence attributed to anti-Na v 1.6 was consistently less intense, and there was no fluorescence associated with anti-Na v 1.1 in any variant. In the atria and ventricles Nav1.5 and Nav1.6 antibody fluorescence was localised equally to the T tubular system and along the cellular membrane ( Supplementary Fig. 1 ).
Fluorescence attributable to specific staining was quantified by measuring corrected total cell fluorescence 31 , from the difference between the integrated density of the cell and the product of the area of the cell and the background fluorescence (Fig. 4b) . This demonstrated reduced Na v 1.5 and Na v 1.6 expression in both Scn5a +/-and RyR2 S/S compared to WT (Fig. 4c) . There was no Na v 1.1 expression in any of the variants. Immunoblot assays (Fig. 4d ) similarly showed significantly less Na v 1.5 expression in both Scn5a +/-and RyR2 S/S compared to WT. No significant differences in Na v 1.6 expression were detected.
These findings prompted electrophysiological studies of atrial Na + channel function in Langendorffperfused preparations using floating intracellular microelectrodes to measure membrane potential. 10 As shown in Figure 5a , LA diastolic membrane potentials were similar in WT, Scn5a +/-and RyR2 S/S hearts. However, RyR2 S/S and Scn5a +/-atria both showed lower (dV/dt) max than WT hearts during regular 8 Hz stimulation.
These findings directly correlated with loose-patch clamp 32 measurements of I Na in superfused and isolated but otherwise intact atrial tissue preparations ( Fig. 5b-d) . Thus, the peak inward current density with single 50 ms activation steps was reduced in Scn5a +/-and RyR2 S/S atria compared to WT.
Inactivation protocols which imposed conditioning steps of duration 5 ms and amplitude 0-80 mV in 20 mV increments prior to the test steps of amplitude +100 mV for 50 ms demonstrated similarly reduced maximum currents in Scn5a +/-and RyR2 S/S . Accordingly, comparisons of peak inward current obtained at maximum test voltage excursion ( Fig. 5d(iii) (Fig. 6a) , caffeine (Fig. 6b) or cyclopiazonic acid (CPA) (Fig.6c) Figure 6a-c illustrates loose-patch clamp recordings of typical currents following high Ca 2+ , caffeine and CPA treatment in WT atria (Fig. 6a-c(ii) ). All three manoeuvres showed similar resting membrane potentials and normalized current voltage relationships (Fig. 6a-c(iv-v) ). However, comparisons of peak inward current obtained at maximum test voltage excursion (Fig. 6a-c However, these studies additionally demonstrated a further increase in the incidence of arrhythmias during programmed electrical stimulation protocols in RyR2 S/S atria and ventricles, suggesting a vulnerable substrate. This increase in the incidence of sustained arrhythmias despite identical programmes of extrasystolic stimuli in RyR2 S/S and WT hearts correlated with reduced CV in the RyR2 S/S atria. 10, 12 This would be in common with the situation in Scn5a +/-hearts modelling Brugada Syndrome.
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These findings implicate impaired CV and re-entrant excitation for the first time in the atrial arrhythmogenesis observed with altered intracellular Ca 2+ homeostasis. Reduced CV can increase the ability of the myocardium to sustain a re-entrant arrhythmia by reducing the distance travelled by a wave-front during each full refractory period and thereby the minimum path length within which reexcitation can occur. 40 Biophysical studies have identified longitudinal resistance to conduction and the shape of the AP upstroke as major determinants of CV. [41] [42] [43] In cardiac myocytes, these result from the properties of tissue structure, intercellular gap junctions and the intracellular fluid, and of Na + channels respectively. The present experiments investigated each of these determinants in turn in RyR2 S/S comparing them with the corresponding characteristics implicated in the reduced CV in Scn5a +/-. They thereby clarify potential mechanisms responsible for the reduced CV found in RyR2 S/S hearts.
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The present experiments first excluded fibrotic change as a cause for the reduced CV in RyR2 Together the findings presented here demonstrate a reduction in I Na in both untreated RyR2 S/S atria and in WT atria immediately after treatments expected to raise [Ca 2+ ] i . In RyR2 S/S atria, this is accompanied by a reduction in Na + channel expression. Such reduction in I Na is likely to contribute to the reduced CV and increased arrhythmic tendency previously reported in RyR2 S/S and caffeinetreated WT atria. 10, 12 The findings thereby also suggest a mechanism by which other inherited or acquired abnormalities in Ca 2+ homeostasis might promote the maintenance of AF. Downloaded from
